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A sequence of large interplate earthquakes from 1952-1965 along the Aleutian arc and

n

p

Kurile-Kamchatka trench released accumulated stresses along nearly the entire norther

ortion of the Pacific plate boundary. The postseismic stress evolution across the north-

a

ern Pacific and Arctic basins, calculated from a viscoelastic coupling model with an

sthenospheric viscosity of 5 105 10 Pa s, is consistent with triggering of oceanic intra-177

p

1

late earthquakes, temporal patterns in seismicity at remote plate boundaries, and

aspace-based geodetic measurements of anomalous velocity over a 7000 by 7000 km are2

S

during the 30 year period following the sequence.

tress pulses travelling away from an earthquake source area effectively transmit the local

p

stress changes associated with the earthquake to a much larger area as the ductile sublithos-

heric channel gradually yields with time (1 ,2 ,3 ,4 ). Several studies have applied such a model

v

to the continental lithosphere, where predictions may be readily compared with geodetic obser-

ations (for example, 3 ,5 ,6 ,7 ). There have also been a few applications suggestive of stress

d

diffusion through the ocean basins (1 ,2 ,8 ). Here we evaluate postseismic stress evolution

riven by large subduction events that occurred along the Aleutian and Kurile-Kamchatka

-

m

trenches from 1952 to 1965 (Fig. 1A) and use the inferred correlation with seismicity to esti

ate the viscosity of the oceanic asthenosphere. The subduction earthquakes have total seismic

moment exceeding 1000 10 N m and are by far the largest involving the Pacific plate to20

have occurred during the period 1950-1970 (9 ). Moreover, each of them occurred on subduc-

-

a

tion interfaces that had experienced smaller events on timescales of 20-90 years but no compar

ble large ruptures for at least the past 200 years (10 ). Because these events involve only the

t

c

Pacific-North America plate boundary, stress changes may be evaluated without any significan

omplications over the entire Pacific basin as well as the Arctic basin (on the North American

e

f

plate). We specified the elastic deformation associated with these earthquakes in terms of th

ault planes and slip directions shown in Fig. 1A and source parameters from (11 ). We also

:included a few smaller but significant events with total seismic moment of 150 10 N m20

d

t

thrust events along the Kurile/Bonin arc in 1958, 1963, 1968, 1969, 1972, 1973, and 1978, an

he 1986 Andreanof Islands earthquake along the Aleutian arc (12 ).

-

t

We constructed a rheology appropriate for the oceanic lithosphere from the seismic struc

ure determined by Gaherty et al. (13 ) and then calculated postseismic gravitational-viscoelastic

s

t

relaxation on a grid covering the northern Pacific and Arctic basins (4 ). The model implie

hat for an asthenospheric viscosity of = 5 10 Pa s the leading edge of the stress pulse is17

e

r

passing by the Juan de Fuca plate in 1975 and California in 1985 (southward propagating blu

egion in Fig. 1). The dispersive character of the propagating stress pulse is such that regions

.

T

along the advancing front at a given time experience locally high horizontal velocities (3 ,4 )

hus the fronts of spatially maximal strain rate and temporally maximal velocity nearly
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oincide. Although the former is most useful for demonstrating the pulse-like behavior of the

w

stress diffusion process, the latter provides a physical connection between stress diffusion

ithin the oceanic plate and induced strains at or across adjacent plate boundaries.

n

w

Passage of the predicted velocity front is correlated with spatio-temporal patterns i

estern North America seismicity over the past four decades provided that asthenospheric

aviscosity is close to 5 10 pa s. Seismic activity may be adequately represented as simply17

function of time and latitude. From a suitable catalogue (14 ) spanning the time period 1963-

-1996 at magnitudes above m = 5.3, let t (i ) and lat (i ) be the time of occurrence and latib eq eq

lve f

a

tude, respectively, of the i th earthquake. Similarly, let us define lat (t ) as the latitude o

reas just adjacent to the Pacific margin off western North America that experience a velocity

-

g

maximum at time t . In order to test how consistent this catalogue is with the southward pro

ression of the velocity front we construct the correlation function in latitude time space

)m (i ) (11
)

f (lat,t ) =
A (lat,t i

b

where the summation is for events i that satisfy

lat (t (i )) + lat lat (t ) 3.0 < lat (i ) < lat (t (i )) + lat lat (t ) + 3.0 (2)

T
vel eq vel

o
eq vel eq vel

o

he inequality condition in (2) effectively sweeps out a latitude band 6 in width parallel to the

.lat (t ) versus t curve and sums the magnitude of earthquakes occurring within that bandvel

The normalization factor A (lat,t ) is proportional to the area swept out by this band and

n

t

corrects for the fact that bands near the corners of the latitude-time window are smaller tha

hose near the middle diagonal. This correlation function enforces a strictly banded structure

rparallel to lat (t ). An alternative definition of Eq. 1 could involve either number of events ovel

bseismic moment rather than m , but results are similar in all cases. As shown in Fig. 2 the

t

A

observed seismicity is correlated with passage of the velocity front generated by the grea

leutian and Kurile Kamchatka events of 1952 to 1965. The structure of f (lat,t ) is asym-

f

metric about its maximum central band, implying, if our model is correct, that passage of the

ront generally initiated vigorous seismic activity in a given region and seismic activity contin-

-

g

ued for a number of years. This analysis can not discriminate between continued activity trig

ered directly by the velocity front and secondary activity triggered by stress changes generated

e

i

by the initial activity, but it does suggest that accumulated transient displacement (tim

ntegrated transient velocity) along a particular plate margin plays a significant role.

.

A

Ultimately, of course, it is accumulated stress changes which likely trigger earthquakes

t a neighboring mid-ocean ridge system such as the Juan de Fuca ridge system, lithospheric

a

c

thickness shallows to less than 5 km, and partially molten material distributed in magm

hambers and dikes is present. It seems likely that an increase in velocity of one of the bound-

ting oceanic plates would lead to rapid stress concentration in the axial rift zone and subsequen
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y

r

seismic or aseismic failure of the rift segments at anomalously high rates. Increased seismicit

ates on short offset transform faults such as the Blanco and Mendocino fracture zones may

d

b

similarly result from intense stress concentration in the weak transform fault zone compounde

y loading from the more rapidly opening rift zones which bound them. Finally, near an

s

l

ocean-continent boundary such as just west of the San Andreas fault (SAF), the upper crust i

ikely weaker than the oceanic lithosphere with which it is in contact, and the lower crust is

o

also weak. In this case, strains induced on the continental side should depend predominantly

n the local displacement of the oceanic side, although the mechanism of strain accumulation

within the continental crust is uncertain.

Predicted postseismic North American plate velocity has generally been directed away

g

a

from both the eastern Arctic and Juan de Fuca spreading systems in the sense promoting riftin

nd reached peaks in the late 1970’s in both regions. If the background North America to

s

p

Eurasia separation rate is prescribed by model NUVEL-1A (15 ) and postseismic velocity i

resumed to represent transient North America velocity with respect to a fixed Eurasia, then

-

t

the background and transient velocities may be superimposed to obtain time-dependent separa

ion rate. The transient component is predicted to have been up to 1 cm/yr in the eastern Arc-

f

a

tic basin, where the background component varies from 0.4 to 1.2 cm/yr. Seismicity patterns o

ll eastern Arctic events with m 5.0 [since 1955, from which date the catalogue is believed

t b

b

o be complete for m 5.0 (16 )] exhibit a good correlation with the summed velocity pattern

e

f

(Fig. 3A). Seismicity rates along the entire eastern Arctic ridge system exhibit an increas

rom one time period to the next, and that part of the oceanic rift system nearest the Asian

s

m

continent underwent the largest velocity increase and largest increase in seismicity rate a

easured by moment release.

In central California (35 39 N) the transient Pacific plate motion is predicted to have

s

reached a maximum 2.6 mm/yr towards N40 W in 1980-1985 (parallel to the SAF), and in

outhern California south of the Big Bend region (32 35 N) the transient motion is predicted

o

t

to have reached a maximum of 1.7 mm/yr towards N39 W in 1985-1990 (25-30 oblique t

he SAF in the sense to increase compressional stress across the fault system near the Big

e

b

Bend) (Fig. 3B). The direction of transient motion in both regions is nearly parallel to th

ackground motion prescribed by NUVEL-1A. In northern California, the transient velocity

e

o

increase, as manifested by the accumulated transient displacement, is well correlated with th

bserved increase in predominantly strike-slip activity. In southern California, the temporal

a

increase in observed seismicity since the 1971 San Fernando earthquake also closely follows

ccumulated displacement. Although the overall seismicity rate in southern California was

f

o

approximately constant from 1969 to 1992 (17 ), between latitudes 34 N and 35 N the rate o

ccurrence of "non-SAF" type events has been particularly high since 1986 (18 ). This
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ncrease in non-SAF type events has been attributed (18 ) to a transient increase in the com-

f

ponent of Pacific to North America (P-NA) relative plate velocity normal to the San Andreas

ault in southern California, and our model provides a mechanism for this transient increase.

n

N

Although there may be a correlation of plate-boundary seismicity over the entire wester

orth America margin with the predicted stress pulse propagation in the adjacent Pacific oce-

l

r

anic lithosphere, it does not imply a causal mechanism for every earthquake but rather a causa

elationship with transient oceanic velocity in a statistical sense. Our analysis therefore sug-

s

gests, but does not require, a major role for "external triggering" of California earthquakes

ince 1979. This idea connects well with the hypothesis that northern California emerged

-

i

from the stress shadow created by the 1906 San Francisco earthquake in the 1980’s (19 ), mak

ng the region particularly susceptible to external triggering. The triggering of California earth-

quakes at a relatively high threshold (m 5.0 5.3), as implied by our analysis, suggests that ab

transient velocity increase applied to the edge of a continental shear zone may concentrate tran-

-

c

sient stresses deep within the seismogenic layer (15 20 km depth) where larger events are typi

ally initiated. Efforts to identify the predicted accelerations (ca. 2 mm/yr over the period

-

a

1965/1970 1980/1985) are inconclusive. Accurate space based geodetic data have been avail

ble since 1983 in California, at which time most of the acceleration had already taken place.

n

Repeated geodolite measurements made since the early 1970’s within several southern Califor-

ia networks (20 ) may have potential for resolving a transient acceleration, but the small signal

that we predict is likely to be at the limit of detectability of these networks.

Two intraplate oceanic earthquakes may have potentially been triggered by the postse-

ismic stress diffusion. These are the m =5.5 April 28, 1968 event in the northern Pacificb

b a

e

basin, which has a thrust mechanism (21 ), and the m =6.8 February 21, 1991 Bering Se

arthquake, characterized as a combined strike-slip and rifting event (22 ). We find that each

e

s

event is located in a region where local strain rates in the sense promoting triggering wer

trong at their time of occurrence (Fig. 3C). The accumulated postseismic stress change isxx

s

c

calculated at 0.3 bars and 0.8 bars for the 1968 and 1991 events, respectively. Such a stres

hange is often sufficient to trigger comparable continental seismicity (23 ), especially consider-

ing that the respective source areas were likely pre-existing zones of weakness (22 ,24 ).

The correlations with the oceanic intraplate events in Fig. 3C are found to break down

sfor < 3 10 Pa s, while > 8 10 Pa s still produces correlations but involves stres17 17

changes one order of magnitude lower. The obtained correlations with western North America

seismicity imply that if = 8 10 Pa s then most of the acceleration in seismic activity17

17 t

s

would take place long before passage of the velocity front, and if = 3 10 Pa s mos

eismic activity would occur long after it; the notion that transient rates are relatively high for

t= 3 10 Pa s would further aggravate this problem. A similar argument applies to eas17
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s

Arctic ridge seismicity. Finally, to produce the same diffusion behavior with a thicker litho

phere would require greater asthenospheric viscosity. Given our choice for the lithospheric

ethickness, our preferred value is = 5 10 Pa s, which is compatible with the data in th17

Arctic and north Pacific basins. The overall viscosity structure we infer (13 ) agrees well with

t

o

the viscosity structure beneath a mid ocean ridge based on the physical properties of we

livine aggregates(25 ). Our results imply that the evolution of off ridge axis oceanic mantle

,

w

preserves the essential features of the ridge axis viscosity structure. Small scale convection

hich may act to "flatten" age depth and age heat flow relationships for the oceanic litho-

sphere(26 ), may produce a similar flattening of the off ridge viscosity structure.

Detectable transient velocities are predicted even very far ( 4000 km) from the Aleutian

e

I

trench in the mid-Pacific, where Global Positioning System (GPS) and Very Long Baselin

nterferometry (VLBI) data can be evaluated. Fig. 4A shows P-NA anomalous horizontal velo-

r

city at several Pacific geodetic sites, with relative motion model NUVEL-1A serving as the

eference model (27 ). The predictions of the viscoelastic coupling model are superimposed.

t

The general agreement between the internal Pacific strain patterns prescribed by our model and

he geodetic observations is best demonstrated by referring the anomalous velocities obtained in

s

v

Fig. 4A to a different P-NA angular velocity vector which we derive (28 ). The anomalou

elocities relative to the derived are shown in Fig. 4B. An objective measure of the internal

deformation of the Pacific plate based on these geodetic measurements is

=
12
1 ( ) + ( ) (3)

12

i
2

i
2

1

2

i =

i iwhere { } and { } represent the set of all angle changes and relative arc length changes

s

among all four spherical triangles which can be constructed from the four mid-Pacific geodetic

ites. This measure is invariant with respect to a rigid rotation of the velocity field and con-

o

tains information on mean shear strain and dilatation within this broad network. The mean

bserved is 1.06 (10 rad) , and after correction for transient velocities this measure2 9 2

9 2decreases to 0.27 (10 rad) ; that is, a reduction of 75%. A numerical perturbation simulation

e

e

using the error distribution of the data shows that the probability that this reduction could b

xplained with observation error alone is 0.7% (Fig. 4C).

s

b

Although geodetic observations made near plate boundaries are often acknowledged a

eing susceptible to the transient effects of earthquakes, our analysis suggests that even areas

p

well within a plate interior may be susceptible to significant and tangible transient effects from

late boundary earthquakes. Our model makes concrete predictions regarding transient Pacific

e

r

plate velocity which are testable with present and future space-based geodetic data. From th

esults obtained here it appears likely that the Pacific lithosphere has been subjected to substan-

tial spatially and temporally varying velocity fluctuations over the past four decades, and the
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n

e

assumption of rigid behavior of the oceanic lithosphere which has been so successful i

xplaining global plate motions averaged over very long time periods may be of questionable

R

validity on a timescale of years to decades.
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FIGURE CAPTIONS

a

t

Fig. 1. (A) Rupture areas of major subduction events along the Aleutian arc and Kamchatk

rench from 1952 to 1965. Arrows give the direction of slip associated with each of the four

t

events considered, with length proportional to total seismic moment. Numerals adjacent to

hese arrows specify the seismic moment in units of 10 N m (29 ). (B-D) Net postseismic

v EE NN

20

elocity and dilatational strain rate e
.

+e
.

over the northern Pacific and eastern Arctic basins

s

e

driven by combined subduction events projected onto a sphere centered on 50 N, 155 W a

valuated at three different times. Deformation is evaluated at Earth’s surface. Heavy lines

r

denote the fault planes used to model the subduction events. Locally large velocities near the

upture zones have been truncated at a maximum of 5 cm/yr for visual simplicity.
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ig. 2. Observed western North America seismicity from 1963-1995 is represented in terms of

.location (latitude), time t , and body wave magnitude m as given by the size of the circlesb

d

r

Correlation function f (lat,t ) (equation 1) is obtained with either the observed or a constructe

andom seismicity catalogue. In the latter case, the structure of the observed seismicity is

altered such that lat (i ) is unchanged while t (i ) becomes a random function of time obeyingeq eq

the uniform distribution between the years 1963 and 1995. The shape of the velocity front

lat (t ) for = 3, 5, or 8 10 Pa s is indicated. Almost all seismic events used (restrictedvel
17

to boxed region of Fig. 1B) are associated with the active eastern Pacific margin. AT=Aleutian

,

Q

Trench, FF=Fairweather Fault, JdF=Juan de Fuca plate, MFZ=Mendocino Fracture Zone

CT=Queen Charlottte Transform Fault, SAF=San Andreas Fault.

cFig. 3. (A) Epicenters of all shallow (< 30 km) m 5.0 earthquakes in the eastern Arctib

e

t

basin in various time periods compiled from various sources (16 ,32 ). The orientation of th

ension axis is displayed where a focal mechanism solution is available. Heavy arrows plotted

d

a

for 1955-1963 indicate background North America to fixed Eurasia plate motion (15 ), dashe

nd solid arrows for 1964-1979 indicate the background plus transient (postseismic) relative

i

plate motion evaluated in 1967 and 1975, respectively, and the solid arrows for 1980-1994

ndicate the background plus transient relative plate motion evaluated in 1985. East Arctic

(

ridge separating North American and Eurasian plates is indicated by the dashed lines.

B) Equivalent magnitude M of summed seismic moment M within binned 5-year intervals in0

l

r

northern California (latitudes 35 39 N) and southern California (32 35 N), derived from al

egional earthquakes within boxed region of Fig. 1B of magnitude 5.0 (14 ) and the averaged

e

a

seismic moment formula of (33 ). Time-dependent transient velocity and displacement of th

djacent Pacific margin lithosphere is superimposed.

5(C) Geographic distribution of net postseismic strain rate e
.

in the vicinity of the m =5.xx b

A bpril 28, 1968 and the m =6.8 February 21, 1991 Bering Sea earthquakes, where x is oriented

h

a

parallel to either the pressure axis with azimuth N77 E (1968 event) or the tension axis wit

zimuth S2 W (1991 event).

Fig. 4. (A) Anomalous GPS (light arrows) and VLBI (heavy arrows) velocities with respect to

s

b

the P NA velocity predicted from model NUVEL-1A. VLBI velocity plotted at KOKB ha

een averaged over three Hawaiian VLBI sites. These anomalous velocities have been derived

d

a

from GPS and VLBI velocities at Pacific and selected North American sites. Observe

nomalous velocities are shown with the corresponding 1 error ellipses. Dashed arrows

p

show the transient velocity predicted from our viscoelastic coupling model. Observations and

redictions correspond to the time periods 1984-1988 (VLBI site KWAJAL26), 1988-1992

d

1

(VLBI site MARCUS), 1991-1997 (GPS site KOKB), 1992-1997 (GPS site PAMA) an

984/1993-1996 (VLBI Hawaiian sites). (B) Anomalous GPS and VLBI velocities with respect

V

to the velocity predicted from our derived P NA angular velocity vector. Agreement with

LBI data alone is excellent, and GPS velocity estimates at Hawaii have diverged markedly

)from VLBI estimates since 1995 for unknown reasons. (C) Distribution of (equation 32

r 2 9 2epresented as a histogram of simulated in bins of 0.07 (10 rad / yr) . The simulation
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onsists of 10000 realizations of a data perturbation procedure described by (34 ) designed to

stest the likelihood that the low obtained after accounting for our calculated transient effect2

c 2ould be due to chance. The calculated directly from the observed data and the residual

v

value calculated after correcting the data for our modeled transient velocities are indicated by

ertical arrows. The area of the histogram to the right of the residual arrow is only 0.7% of

the total area.
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